Recently, electrolytes in which lithium polysulfides (PS) is sparingly soluble, such as solvate ionic liquids (SILs), were proposed and used as electrolytes for lithium-sulfur (Li-S) batteries. Li-S batteries with the SIL electrolyte showed good cycle stability and Coulombic efficiency; however, the actual energy density of preliminary tested cells was much lower than the theoretical value due to the low sulfur loading and excess electrolyte. In this study, we employed Al foam sheets as the cathode current collector in order to three-dimensionally collect the current, which resulted in increased sulfur loading and enabled us to control the cathode porosity by mechanically pressing the Al foam sheets. High sulfur loading on the cathodes (up to 6 mg -sulfur cm −2 ) was achieved with an initial discharge capacity of 1000 mAh g −1 . Simultaneously, in order to reduce the amount of electrolyte, the cathode porosity was controlled; the discharge capacity in the SIL electrolyte was maintained at~1000 mAh g −1 when the cathode porosity was no less than 30%. At sufficiently high porosity, the discharge capacity was independent of the electrolyte amount and was 1000 mAh g −1 for electrolyte volume/total void volume ratios higher than 3 in a coin cell configuration.
Introduction
Lithium-sulfur (Li-S) batteries have attracted much attention because of their high theoretical energy density (2600 Wh kg ¹1 ) and capacity (1672 mAh g ¹1 ), as well as the low cost and natural abundance of sulfur. However, the insulating nature of elemental sulfur and its discharge products (Li 2 S x : 8 ½ x ½ 1), large volume expansion/contraction during discharge/charge cycles, and dissolution of lithium polysulfide (PS) intermediates (Li 2 S x : 8 ½ x ½ 4) into conventional organic electrolytes have limited the commercialization of Li-S batteries. [1] [2] [3] [4] In particular, dissolution of PS is the most critical issue as it leads to the well-known redox shuttle phenomenon, resulting in low Coulombic efficiency, rapid capacity fading, and high self-discharge. Hence, various strategies have been proposed to overcome the aforementioned problems. [2] [3] [4] [5] [6] One possible solution is the use of modified sulfur host materials, typically carbon materials, which can physically or chemically entrap PS. 5, 7 However, these cathode architectures tend to increase the fabrication complexity and cost, and the incorporation of large amounts of electrochemically inactive materials (i.e., sulfur host materials) may reduce the energy density of the entire device. Another approach is electrolyte modification by changing the solvents and additives, or the structure and concentration of Li salts. 1, 8 In this case, LiNO 3 is commonly used as an additive, which can form a solid-electrolyte interphase (SEI) on the Li metal anode, thereby suppressing the side reactions between PS and metallic Li anode. 9 However, LiNO 3 is gradually consumed during repeated dissolution and deposition of Li metal, and is finally depleted.
On the other hand, the dissolution of PS can be thermodynamically suppressed by the use of ionic liquid-based electrolytes [10] [11] [12] and highly concentrated electrolytes. 13, 14 We reported equimolar mixtures of glyme and a Li salt, classified as "solvate ionic liquids" (SILs), where Li + and glyme form a stable and long-lived solvate cation and the amount of free glyme is negligible. 15 The solvate cation and the anion have low Lewis acidity and basicity, respectively, and PS is a salt; thus, SILs can suppress the dissolution of PS. Actually, solubility of the most soluble PS, Li 2 S 8 , in the SIL is lower than that in a conventional ether electrolyte by two orders of magnitude, 15 resulting in good cycle stability and Coulombic efficiency for long-term application. 16 Conventional ionic liquid electrolytes with dissolved lithium salts can also suppress the dissolution of PS in a similar manner. 12 Increasing the sulfur loading amount and reducing the electrolyte volume simultaneously is essential for practical applications of the Li-S battery, where an energy density of 300 Wh kg ¹1 is expected. 17 Three-dimensional (3D)-current collectors have been employed for increasing the sulfur loading, [18] [19] [20] [21] but there has been limited success in simultaneously achieving reduction of the electrolyte amount. Furthermore, reducing the amount of conventional ether-based electrolytes that dissolve PS, such as 1 M Li-bis(trifluoromethane sulfonyl)amide (Li[TFSA]) in 1,3-dioxolane/1,2-dimethoxyethane (DOL/DME), leads to degradation of battery performance. 22, 23 This is because dissolution of PS into electrolyte complicates disproportionation and mediator-like reactions of PS, and alters the electrolyte properties such as viscosity. In this regard, Cheng et al. reported that a "sparingly solvating electrolyte," i.e., an electrolyte in which PS is sparingly soluble is the key for the long life and high energy density of Li-S batteries. 8 However, our preliminary tests on Li-S cells with an SIL-based sparingly solvating electrolyte indicated low energy density because of the relatively low sulfur loading (³1 mg cm ¹2 ) and excess electrolyte. Thus, an indispensable challenge for improving the practical energy density is to simultaneously increase the sulfur loading and decrease the electrolyte amount without compromising on the battery performance. [3] [4] [5] Reduction of cathode porosity is a requirement for reducing the electrolyte amount in Li-S cells, because the amount of electrolyte infiltrated in the void of a thick composite sulfur cathode (i.e., high sulfur loading) can be much larger than that in the void of separators. In other words, the amount of electrolyte in the void of the composite sulfur cathode primarily determines the minimum amount of electrolyte required for the battery operation. However, there are few reports on the relationship between cathode porosity and Li-S battery performance using sparingly solvating electrolytes.
In this study, Al foam sheets were used as the 3D current collector in order to increase the sulfur loading amount and control the cathode porosity. As a result, cathodes with high sulfur loading (up to 6 mg -sulfur cm ¹2 ) without degradation of the initial discharge capacity were obtained for Li-S batteries with a SIL as the sparingly solvating electrolyte. The discharge capacity of the Li-S cell with the SIL electrolyte greatly depended on the cathode porosity, and the discharge capacity was maintained at ³1000 mAh g ¹1 when the cathode porosity was no less than 30%.
Experimental

Preparation of electrolytes
The SIL electrolyte was prepared according to a reported procedure. 16 In brief, dried Li[TFSA] was mixed with an equimolar amount of purified tetraglyme (G4) in an Ar-filled glovebox to prepare [Li(G4)][TFSA]. The water content in the electrolytes was less than 30 ppm, as determined by Karl Fisher titration (CA-07, Mitsubishi Chemical). 1 M Li[TFSA] and 0.2 M LiNO 3 were dissolved in a mixture of 1,3-dioxolane (DOL) and dimethoxyethane (DME) in 1:1 ratio (v/v) to prepare a conventional organic electrolyte (denoted as DOL/DME electrolyte).
Preparation of sulfur/carbon composite cathodes
Sulfur/carbon composites were prepared by the melt-diffusion method. 24 In brief, Ketjen black (KB, EC600JD, Lion Corp., Tokyo, Japan) and elemental sulfur (S 8 , Wako Pure Chemical Industries, Ltd., Osaka, Japan) were mixed using an agitating mortar. The mixture was transferred to a vial and maintained at 155°C for 6 h to allow the diffusion of sulfur into the pores of KB. Carboxymethyl cellulose (CMC 2200, Daicel FineChem Ltd., Tokyo, Japan) was used as a binder with pure water (Milli-Q) as the solvent. The S/C composites, CMC binder, and pure water were mixed to form a slurry. Then the slurry was spread on an Al foam sheet (Aluminum-Celmet, Sumitomo Electric, Osaka, Japan; 3D current collector) and allowed to penetrate the sheet. The composite cathode was dried in an oven at 80°C for 12 h and cut into a circular disk. The mass ratio of the composite cathode was sulfur/carbon/binder = 6:3:1. The composite cathode was compressed using a hydraulic press or roll press before cell assembly. The porosity of the composite cathodes with 3D-Al current collectors could be controlled by changing the pressing pressure. The morphology of the composite cathode was observed by field-emission scanning electron microscopy (FESEM, SU8010, Hitachi High-Technologies). The cathode porosity was calculated on the basis of the physical properties of each composite material (see Supporting Information). The total pore volume of the S/C composites, as estimated by nitrogen adsorption-desorption measurements with a BELSORP-mini II system (BEL Japan, Inc.) was not included when estimating the cathode porosity ( Figure S1 ), since this value was negligibly small when compared with the other parameters. The ratio of the electrolyte volume to sulfur weight is denoted as E/S [µL -electrolyte /mg -sulfur ].
Electrochemical measurements
Coin cells (2032-type) consisting of the prepared composite cathode, polyethylene separator (Asahi Kasei Corp., Tokyo, Japan), Li metal foil anode, and the prepared electrolyte were assembled in an Ar-filled glovebox. Galvanostatic charge-discharge tests on the Li-S cells were carried out in the voltage range of 1.0-3.3 V for the SIL electrolyte and 1.8-2.8 V for the DOL/DME electrolyte at 30°C. The charge-discharge cycle was initiated from the discharge process. The specific capacity of the cell was calculated based on the mass of sulfur. The Coulombic efficiency for each cycle was defined as (discharge capacity)/(charge capacity). Figure 1 shows the SEM images for the 3D-Al current collector before and after the composite cathode loading. Before loading ( Fig. 1(A) ), continuous 3D Al networks with a pore size of ³100 µm can be seen, while the composite cathode materials were satisfactory filled into the pores of the Al foams after loading (slurry penetration and drying). Figure 2 shows the results of the chargedischarge tests performed on Li-S batteries with the SIL electrolyte and the composite cathode using the 3D-Al current collector. Although capacity of the cathode gradually decreased with cycling, the charge-discharge profiles ( Fig. 2A ) and cell cyclability ( Fig. 2B ) were very similar to those of a previously reported low-sulfurloading cell with a 2D-Al current collector (Al foil) and the SIL electrolyte. 16 The Coulombic efficiency was higher than 95% owing to the suppression of PS dissolution. Figure 2C shows the initial discharge curves of the composite cathodes with different sulfur loading amounts at 50% porosity. Although the discharge overvoltage was more pronounced at the increased sulfur loading of 5.7 mg cm ¹2 , the cell delivered the discharge capacity around 1000 mAh g ¹1 similar to the cells with lower sulfur loading (1.2-3.5 mg cm ¹2 ), suggesting sufficient current collection by the 3D-Al current collector at a discharge current density of 100 µA cm ¹2 . However, the cells with high sulfur loading often suffered from overcharging due to the partial short circuit caused by dendrite formation at the Li metal anode ( Figure S2) .
Results and Discussion
The cell with a PS-soluble DOL/DME electrolyte showed higher initial discharge capacity than the cell with the SIL electrolyte, but the discharge capacity with the DOL/DME electrolyte rapidly degraded within 15 cycles (Fig. 3) . Furthermore, the charging and discharging capacity started to increase and decrease after 5 cycles, respectively, resulting in a rapid decrease in Coulombic efficiency. This behavior is typical of the redox shuttle phenomenon in Li-S Electrochemistry, (in press) cells with PS-soluble electrolytes. A high-sulfur-loading cell necessitates the dissolution and deposition of a large amount of Li metal during charge-discharge cycling. This may lead to noticeable disruption and reformation of the SEI at the anode interface, which is accompanied by the large consumption and depletion of LiNO 3 , followed by side reactions between the dissolved PS and Li metal to cause the redox shuttle and shorter PS-derived passivation on the anode. Such undesirable reactions at the Li anode result in low Coulombic efficiency and rapid capacity fading.
Reduction of the cathode porosity is directly linked to the decrease in the electrolyte volume in Li-S cells using sparingly solvating electrolytes, which in turn is essential for high energy density. 17 The density of the sulfur composite cathode is much lower than that of the conventional metal oxide cathode used in Li-ion batteries. Therefore, the volume of the cathode material becomes larger especially at high sulfur loading. The required amount of electrolyte is approximately determined by the sum of the void volume inside the porous electrode and the void volume in the separator. In the case of Li-S cells, especially at high sulfur loading, the former volume is much larger than the latter. The voids in the separator are typically 5% of those in the composite cathode; therefore, the void volume in the composite cathode determines the minimum amount of electrolyte for battery operation. We investigated the relationship between the cathode porosity and the discharge capacity when the electrolyte amount was sufficient to fill both types of voids in the cell. Figure 4 shows the initial discharge curves and capacities for the 3D-Al composite cathodes with different cathode porosities at a discharge current density of 100 µA cm ¹2 . In the case of the SIL electrolyte, the discharge curve at low porosity (16.6%) reaches the cut-off voltage just after the first plateau region due to the large overpotential, resulting in low discharge capacity. However, the second plateau appears to reach the discharge capacity of 1000 mAh g ¹1 for the cell with the cathode porosity of 57.4%. Figure 4B clearly indicates that the porosity of the composite cathodes with the SIL electrolyte significantly influences the initial Figure 2 . Discharge-charge curves (A) and capacities and Coulombic efficiency (B) of Li-S cells using the SIL electrolyte and composite cathode with a sulfur loading of 2.4 mg cm ¹2 and cathode porosity of 46%. (C) Initial discharge curves of Li-S cells using the SIL electrolyte and composite cathode with different sulfur loading amounts (1.2 mg cm ¹2 : black, 2.3 mg cm ¹2 : red, 3.5 mg cm ¹2 : yellow, and 5.7 mg cm ¹2 : green) and cathode porosities (51%, 50%, 49%, and 51%, respectively). In all the cells, the Al foam sheet and CMC were used as the 3D current collector and binder, respectively. Discharge-charge tests were carried out at 30°C under a current density of 100 µA cm ¹2 . The E/S was set at ³10 µL mg ¹1 to fill the inside of the coin cell (mainly voids of the composite cathode and separator) with the SIL electrolyte ([Li(G4)][TFSA]). Sulfur loading amount; 4.6 mg cm ¹2 , cathode porosity; 41%. In the cell, the Al foam sheet and CMC were used as the 3D current collector and binder. Discharge-charge tests were measured at 30°C with a current density of 100 µA cm ¹2 . The E/S was set at ³10 µL mg ¹1 to fill the inside of the coin cell (mainly voids of the composite cathode and separator) with the DOL/DME electrolyte.
Electrochemistry, (in press) discharge capacity, which is dramatically decreased when the porosity is lower than 30% (Fig. 4B ). As shown in Fig. 5A , at a lower current density (14 µA cm ¹2 ), the second discharge plateau appears and a capacity of ³1000 mA g ¹1 is achieved even for the cathode with low porosity (24%). In addition, capacity recovery is observed upon setting the rest time (48 h at open circuit voltage (OCV)) after cell voltage reached cut-off voltage (Fig. 5B) . Once the rest time is introduced in the initial cycle, the discharge curve becomes stable over subsequent cycles (Fig. 5C ). These results indicate that the discharge reaction is dominated by a kinetic ratelimiting process, especially at the beginning of the reaction in the secondary plateau. It has been proposed that the discharge process in Li-S cells can be limited by the mass transfer (i.e., Li ion flux) from the electrolyte present in the cathode. [25] [26] [27] The amount of the electrolyte filling to the voids of the composite cathode decreases with decreasing the cathode porosity. Therefore, Li ion flux would be reduced at low cathode porosity, leading to an overpotential and capacity loss. Volume expansion of the active materials during the discharge process may also impede ion transport in the composite cathode.
However, this porosity limitation was not the case for the Li-S cells with the conventional DOL/DME electrolyte. The cell with the DOL/DME electrolyte exhibited high capacity of 1100 mAh g ¹1 even at a low porosity of 17.6%, which is a little lower than the capacity of 1250 mAh g ¹1 at porosity of 53.7% (Fig. 4C) . The dependence of capacity on porosity was also different from that observed for the SIL electrolyte (Fig. 4B) ; the capacity gradually decreased with decreasing porosity, and there is no critical value of porosity for the DOL/DME electrolyte. The DOL/DME electrolyte showing higher ionic conductivity and lower viscosity (13.4 mS cm ¹1 and 1.2 mPa s for DOL/DME electrolyte; 1.6 mS cm ¹1 and 106 mPa s for SIL electrolyte 16 at 30°C) can provide sufficient Li ion flux even at low cathode porosity. Satisfactory electrolyte wetting and filling of the porous composite cathode with the low-viscosity DOL/DME electrolyte can also be a reason for the higher capacity at lower cathode porosity. Additionally, differences in the reduction reaction pathways depending on the electrolyte types (i.e., dissolution-precipitation route for the DOL/ DME electrolyte, and solid-state dominating route for the SIL) may contribute to the observed difference in the cathode porosity dependence of the discharge capacity between the cells using the SIL electrolyte ( Fig. 4B ) and the DOL/DME electrolyte (Fig. 4C ). [28] [29] [30] [31] [32] [33] [34] Next, we investigated how the electrolyte amount affects the discharge capacity when the porosity of the composite cathode is high enough (40-62%) for high capacity. In literature, E/S ratio has often been employed for studying the effect of the electrolyte volume on the Li-S battery performance since total amount of the solubilized PS depends on the electrolyte volume in the cell. For the cells with PS-solvating DOL/DME electrolyte, the discharge capacities are reported to decrease gradually with a decrease in the E/S value. 22, 23 The concentration of dissolved PS in the electrolyte is dominated by E/S, which alters the electrolyte properties (such as viscosity) and affects the discharge capacities. In contrast, for the cells with the SIL electrolyte, in which PS is sparingly soluble, the discharge capacities are identical at E/S values of 7.2, 16, and 22, as shown in Fig. 6 , because difference in the amount of dissolved PS is negligible. In other words, the discharge capacities can be discussed separately from E/S ratio for the cells with the SIL electrolyte, and the effect of the electrolyte amount can be simply examined with the (electrolyte volume)/(total void volume) ratios in a similar manner as for lithium-ion batteries. 35 Herein, the total void volume includes the cathode and separator void volumes. The E/S ratios of 7.2, 16, and 22 in Fig. 6 correspond to the (electrolyte volume)/(total void Electrochemistry, (in press) volume) ratios of 2.8, 6.3, and 6.0, respectively. The reverse trend observed for E/S = 16 to 22 and volume ratios of 6.3 to 6.0 is due to the lower sulfur loading for the cell with E/S = 16. Figure 7 shows the relationship between the (electrolyte volume)/(total void volume) ratio and the initial discharge capacity of Li-S cells with the SIL electrolyte. The volume ratios also clearly affect the discharge capacity even with sufficiently high cathode porosity, and the ratios higher than 3 lead to high initial capacity. This boundary ratio is higher than the reported ratio for lithium-ion pouch-type cells. 36 A slight excess of the electrolyte seems to be necessary for filling the dead space in the coin cell. However, the minimal (electrolyte volume)/(total void volume) ratio for high initial capacity of ³1000 mAh g ¹1 can be further reduced in other battery cell structures with smaller dead space, such as pouch-type cells. For practical Li-S batteries using PS-sparingly solvating electrolytes, it is of great importance to reduce the cathode porosity and to approach the condition where the total electrolyte volume is equal to the total void volume i.e. (electrolyte volume)/(total void volume) = 1. In order to achieve this, the design of porous cathode and PS-sparingly solvating electrolytes is essential, which expected to enable a high cathode utilization notwithstanding low porosity.
Conclusion
A significant challenge toward enhancing the energy density of Li-S batteries using electrolytes in which PS is sparingly soluble is to simultaneously increase the sulfur loading and decrease the electrolyte volume without degradation of battery performance. We applied Al foam sheet as a 3D current collector to increase the sulfur loading amount and control the cathode porosity, which directly affects the electrolyte amount. The cells with high sulfur loading (³6 mg -sulfur ) showed high initial discharge capacity . Initial discharge capacities of Li-S cells with SIL electrolyte for different (electrolyte volume)/(total void volume) ratios. Sulfur loading was 1.2-6.3 mg cm ¹2 and cathode porosity was 40%-62% for the cells with the SIL electrolyte. Dischargecharge tests were carried out at 30°C under a current density of 100 µA cm ¹2 .
Electrochemistry, (in press) v (³1000 mAh g ¹1 ) and Coulombic efficiency (>95%). The discharge capacity with the SIL electrolyte rapidly decreased when the cathode porosity was below 30%. This porosity limitation was mainly due to the limited Li ion flux from the electrolyte in the cathode, which is required for the discharge reactions, i.e., sulfur reduction reactions. At sufficient porosity, a capacity of ³1000 mAh g ¹1 was obtained for the (electrolyte volume)/(total void volume) ratios higher than 3. Thus, developing PS sparingly-soluble-electrolytes that enables high Li ion flux even if the cathode porosity is low, is important for realizing Li-S batteries with high energy density and long life. In such cells, the volume ratio of the electrolyte to the total voids is a more practical index for improving cell performance than E/S. Although the current study was performed with coin cells having non-negligible dead volume, a rational cell design is also important to reduce the dead volume for further reduction of the total amount of electrolyte and further improvement of the energy density. To sum up, SIL electrolytes are among the potential candidates for use in Li-S batteries with high energy density and long life.
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